Abstract. Most glaciers and ice caps (GIC) are out of balance with the current climate. To return to equilibrium, GIC must thin and retreat, losing additional mass and raising sea level. Because glacier observations are sparse and geographically biased, there is an undersampling problem common to all global assessments. Here, we further develop an assessment approach based on accumulation-area ratios (AAR) to estimate committed mass losses and analyze the undersampling problem. We compiled all available AAR observations for 144 GIC from 1971 to 2010, and found that most glaciers and ice caps are farther from balance than previously believed. Accounting for regional and global undersampling errors, our model suggests that GIC are committed to additional losses of 32 ± 12 % of their area and 38 ± 16 % of their volume if the future climate resembles the climate of the past decade. These losses imply global mean sealevel rise of 163 ± 69 mm, assuming total glacier volume of 430 mm sea-level equivalent. To reduce the large uncertainties in these projections, more long-term glacier measurements are needed in poorly sampled regions.
Introduction
Averaged over a typical year, glaciers accumulate snow at upper elevations and ablate snow and ice at lower elevations. When the total accumulation is equal, on average, to the total ablation, a glacier is in balance with its local climate. If accumulation exceeds ablation over a period of years to decades, glaciers must thicken and advance; if ablation exceeds accumulation, glaciers must thin and retreat. Most of the Earth's glaciers are retreating (e.g., Meier et al., 2007; Bahr et al., 2009; WGMS, 2012) .
Glacier annual mass balance has been measured by direct field methods for about 340 glaciers and ice caps (GIC), of which about 70 have uninterrupted records of 20 years or more (Dyurgerov, 2010; WGMS, 2012) . This is a very small fraction of the Earth's estimated 200 000 or more GIC (Arendt et al., 2012) . Globally integrated GIC mass changes cannot be measured directly, but must be estimated by upscaling observations from a small number of glaciers and ice caps. Several analyses (Dyurgerov and Meier, 2005; Kaser et al., 2006; Meier et al., 2007; Cogley, 2009a Cogley, , 2012 based on direct and geodetic measurements suggest that GIC mass loss is currently raising global mean sea level by about 1 mm yr −1 . This is about one-third of the total rate of sealevel rise inferred from satellite altimetry, with ocean thermal expansion and ice-sheet mass loss accounting for most of the remainder (Cazenave and Llovel, 2010) . GRACE gravity measurements from 2003 to 2010 suggest a smaller GIC sea-level contribution of about 0.4 mm yr −1 , excluding GIC peripheral to the Greenland and Antarctic ice sheets (Jacob et al., 2012) . These GRACE estimates, however, have large regional uncertainties and rely on the performance of global hydrologic models. Gardner et al. (2013) recently combined satellite gravimetry and altimetry with local glaciological measurements to estimate that the Earth's GIC raised sea level by 0.71 ± 0.08 mm yr −1 during the period 2003-2009. Several modeling studies have projected global-scale transient glacier mass changes in response to forcing from climate models (e.g., Raper and Braithwaite, 2006; Radić and Hock, 2011; Marzeion et al., 2012; Slangen et al., 2012) . Based on output from 10 global climate models prepared for the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR4), sea level is projected to rise by 124 ± 37 mm during the 21st century from GIC mass loss, with the largest contributions from Arctic Canada, Alaska, and Antarctica (Radić and Hock, 2011) . Another study (Marzeion et al., 2012) used 15 global climate models prepared for the IPCC Fifth Assessment Report (AR5) to project that GIC mass loss by 2100 will range from 148 ± 35 mm to 217 ± 47 mm, depending on the emission scenario. For model calibration and validation, these studies used direct and geodetic mass balance observations available for much fewer than 1 % of the Earth's glaciers. Undersampling is a significant problem for these studies and for all methods that project global sea-level rise from GIC. Bahr et al. (2009, henceforth BDM) developed an alternative approach for projecting global glacier volume changes. This approach is based on the accumulation-area ratio (AAR), the fractional glacier area where accumulation exceeds ablation. For a glacier in balance with the climate, the AAR is equal to its equilibrium value, AAR 0 . Glaciers with AAR < AAR 0 will retreat from lower elevations, typically over several decades or longer, until the AAR returns to the equilibrium value. In the extreme case AAR = 0, there is no accumulation zone and the glacier must disappear completely (Pelto, 2010) . From the ratio α = AAR / AAR 0 , BDM derived p A and p V , the fractional changes in area A and volume V required to reach equilibrium with a given climate. They showed that for a given glacier or ice cap, p A = α − 1 and p V = α γ − 1, where γ is the exponent in the glacier volume-area scaling relationship, V ∝ A γ (Bahr et al., 1997) . Data and theory suggest γ = 1.25 for ice caps and γ = 1.375 for glaciers. Using AAR observations of ∼ 80 GIC during the period 1997-2006 , BDM computed a mean AAR of 44 ± 2 % , with AAR < AAR 0 for most GIC. They estimated that even without additional warming, the volume of glaciers must shrink by 27 ± 5%, and that of ice caps by 26 ± 8 %, to return to equilibrium.
The AAR method provides physics-based estimates of committed GIC area and volume changes, and complements techniques such as mass balance extrapolation (Meier et al., 2007) and numerical modeling (Oerlemans et al., 1998; Raper and Braithwaite, 2006) . Compared to direct mass balance measurements, AARs are relatively easy and inexpensive to estimate with well-timed aerial and satellite images, which could potentially solve the undersampling problem. Here we adopt the BDM approach and develop it further. Instead of assuming that a sample of fewer than 100 observed GIC, mostly in Europe and western North America, is representative for the global mean, we test the foundations of this assumption and quantify its uncertainties. We aim not only to provide a revised estimate of committed global-scale glacier mass losses but also to assess the sampling errors associated with the limited number of available AAR observations.
Data and methods
We compiled a data set of AAR (%) and mass balance (kg m −2 yr −1 ) for 144 GIC (125 glaciers and 19 ice caps) from 1971 to 2010, mainly from the World Glacier Monitoring Service (WGMS, 2012) but with additional data from Dyurgerov and Meier (2005) , Bahr et al. (2009) , and individual investigators. (See Sheet A in the supplementary material.) Thus we expanded and updated the data set used by BDM. We found that the BDM data set generally omits AARs for glaciers with net ablation at all elevations (hence AAR = 0) in a particular year. Including these values lowers the mean AAR. Figure 1 shows the locations of GIC in the updated data set, and Fig. 2 shows the number of GIC with AAR observations in each year.
These data were distilled from a larger data set that included several dozen additional glaciers in the WGMS database. For each glacier or ice cap we computed AAR 0 by linear regression of the AAR with mass balance (Fig. 3 and Sheet B of the supplementary material). We retained only those GIC for which the linear relationship is statistically significant (p < 0.10, based on a linear regression t test) in order to remove GIC with short time series and those for which AAR methods are not applicable. Instances of AAR = 0 and AAR = 100 % were excluded from the regressions (but included for the broader analysis), since AAR and mass balance are not related linearly when net ablation occurs at all elevations or when net accumulation occurs at all elevations. Following Dyurgerov et al. (2009) , we assumed that AAR 0 does not change in time.
We then computed annual, pentadal, and decadal averages of AAR and α for selected regions (Fig. 1 ) and for the full data set, along with the fractional change in area p A and volume p V required for GIC to reach equilibrium with a given climate (see Appendices A and B for details). The arithmetic mean AAR and α have fallen during each decade since the 1970s (Fig. 4) . We found a decadal-average α < 1, implying ties as plus or minus one standard error, corresponding to a 68 % confidence interval.) GIC observations are sparse and geographically biased, thus complicating any extrapolation of global glacier mass loss from the available data. Direct AAR and mass-balance measurements have focused on small to mid-sized glaciers in accessible regions such as the Alps, Scandinavia, and the western US and Canada (Fig. 1) . Based on Radić et al. (2013) , we divided the Earth's glaciated regions into eight high-mass regions (each with an ice volume V > 5000 km 3 ) and eight low-mass regions (V < 5000 km 3 ). The data set includes 38 GIC in high-mass regions (Arctic Canada, Antarctica, Alaska, Greenland, the Russian Arctic, central Asia, Svalbard, and the southern Andes) and 106 GIC in low-mass regions (Iceland, western Canada/US, the northern Andes, central Europe, Scandinavia, North Asia, the Caucasus, and New Zealand). The high-mass regions collectively contain about 97 % of the Earth's glacier mass.
Area is not correlated significantly (p > 0.10) with AAR or α for observed GIC spanning a range of ∼ 0.1 to 1000 km 2 (Fig. 5) , suggesting that glacier size is not a large source of bias. Geographic bias, on the other hand, could be important. In our data set, only 23 of 96 GIC with observed AAR during the period 2001-2010 are in high-mass regions. Table 1 shows the decadal mean α for each of 14 regions with one or more GIC in the 2001-2010 data set. Among regions with at least three observed GIC, the highest values are in Alaska (α = 0.89 ± 0.28) and Antarctica (α = 0.89 ± 0.28), with the lowest values in Svalbard (α = 0.49 ± 0.15) and central Europe (α = 0.47 ± 0.06). Three regions with low glacier mass (central Europe, Scandinavia, and western Canada/US) contain more than half the GIC in the data set and have relatively low α. These regional differences suggest that the full data set may not be spatially representative and that projections based on the arithmetic mean α could overestimate committed GIC losses.
To show how geographical bias and undersampling can affect estimates of global glacier mass balance and AAR, we applied three different averaging methods: (1) the arithmetic mean for the full data set; (2) the arithmetic mean for the GIC in high-mass regions only; and (3) a mean obtained by up- (2) 0.81 ± 0.32 Central Asia (7) 0.80 ± 0.16 Northern Andes (4) 0.71 ± 0.21 Southern Andes (1) 0.71 ± 0.51 New Zealand (1) 0.92 ± 0.47 Antarctic (3) 0.89 ± 0.28
Global (96) 0.68 ± 0.12 * Error ranges give 95 % confidence interval. The number of observed GIC per region is shown in parentheses. The global mean is obtained by method 3. scaling the regional mean values, with each value weighted by the region's GIC area or volume. Because method 3 assumes GIC to be representative only of their regions and not of the entire Earth, it is the least likely to be geographically biased. This method, however, is limited to the past decade, because several high-mass regions had no observations in earlier decades.
The method 3 errors are dominated by errors in a few large undersampled regions, including Arctic Canada, Antarctica, Greenland, and Alaska. We estimated regional errors by
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www.the-cryosphere.net/7/1565/2013/ subsampling GIC in two well-represented regions -central Europe and western Canada/US -and computing the difference between the mean α of each subsample and of the full sample (see Appendix B). The spread of differences as a function of subsample size ( Fig. 6 ) gives an estimate of the error δα in poorly sampled regions with small area (e.g., New Zealand, Caucasus, and Svalbard). For poorly sampled regions with large area (e.g., Greenland, Arctic Canada, the Russian Arctic, and Antarctica, whose glaciers experience different climate regimes within the region) we carried out the same analysis but using two combined regions: (1) central Europe and Scandinavia, and (2) western Canada/US and Alaska. All errors are derived as root-mean-square errors (RMSE) at 95 % confidence interval. (2012) are based on both geodetic and direct measurements and are more negative by 100-200 kg m −2 yr −1 than the direct-only estimates from Kaser et al. (2006) , probably because the direct measurements exclude rapidly thinning calving glaciers (Cogley, 2009a) . Gardner et al. (2013) , who combined satellite observations with local glaciological measurements, estimated a mass balance of −350 ± 40 kg m −2 yr −1 for 2003-2009, more than 100 kg m −2 yr −1 less negative than the other published estimates for the past decade. They found that local measurements tend to be negatively biased compared to satellite-based measurements.
Method 1 (the mean of all observed GIC) gives a post-2000 mass balance more negative than the published estimates, suggesting a bias due to high melt rates in overrepresented low-mass regions. Method 2 (the mean from high-mass regions) agrees closely with the direct-based estimates of Kaser et al. (2006) and, as expected, gives a less negative mass balance than the direct-plus-geodetic estimates of Cogley (2012) . Method 3 (based on regional upscaling) agrees closely with method 2 in 2001-2005 and 2006-2010, but with large uncertainty ranges due to propagation of errors from undersampled high-mass regions. Both method 2 and method 3 give mass balances more negative than that of Gardner et al. (2013) during the past decade.
This comparison suggests that to a good approximation, methods 2 and 3 are globally representative for glacier mass balance (and hence α), but with two caveats. First, the direct-plus-geodetic results of Cogley (2012) imply that the exclusion of calving glaciers could result in a positive bias of 100 to 200 kg m −2 yr −1 . On the other hand, the results of Gardner et al. (2013) suggest that mass loss in- ferred from direct measurements is negatively biased compared to satellite measurements. The Gardner et al. (2013) estimate of 350 ± 40 kg m −2 yr −1 for 2003-2009 is 100 to 150 kg m −2 yr −1 less negative than our method 2 and 3 estimates for the past decade. A mass-balance bias of 100 kg m −2 yr −1 would be associated with biases of about 0.06 in p A and 0.08 in p V (Fig. 8) .
Results and discussion
To estimate committed GIC area and volume losses based on present-day climate, we applied method 3 to observations of α from 2001 to 2010. A window of about a decade is optimal because it is long enough to average over interannual variability but short compared to glacier dynamic timescales. We adjusted for geographic bias by weighting each regional mean value by the region's total GIC area (for computing p A ) or volume (for computing p V ), based on Radić et al. (2013) . (Huss and Farinotti, 2012) , these committed glacier losses would raise global mean sea level by 163 ± 69 mm. Using a larger value of 522 mm SLE (Radić et al., 2013) , global mean sea level would rise by 198 ± 84 mm.
Method 2 yields similar estimates. The mean α during the period 2001-2010 for GIC in high-mass regions is 0.70 ± 0.10, implying committed area losses of 30 ± 10 % and volume losses of 37 ± 12 % (where the error estimates are based on the assumption that these GIC are globally representative). The close agreement with method 3 suggests that method 2 does not have a large geographic bias with respect to α.
The Earth is expected to warm further (e.g., Meehl et al., 2007) , making it likely that long-term GIC area and volume losses will exceed estimates based on the climate of the past decade. From method 2, there is a significant negative trend (p < 0.01, based on a t test) in average annual α of −0.0052 ± 0.0033 yr −1 from 1971 to 2010 (Fig. 4) . The trend is nearly identical for the subset of GIC with observations in all four decades, implying that the changing com- By extrapolating these trends, we can estimate the losses required to equilibrate with the climate of future decades. Taking α = 0.68 ± 0.12 as the 2005 value and extending the 40 yr trend, the average would fall by 0.18 ± 0.12 over 35 yr, reaching 0.50 ± 0.17 by 2040. The Earth's GIC would then be committed to losing 50 ± 17 % of their area and 60 ± 20 % of their volume (see Appendix A). Relative to present-day GIC volume, which is decreasing by about 2 % per decade, the losses would be somewhat greater. These error ranges may understate the true uncertainties because of natural interdecadal variability, and because the method 2 data set may not be globally representative.
Glacier area and volume losses will occur on decade-tocentury timescales. The AAR method does not directly predict rates of retreat and thinning, but theory (Jóhannesson et al., 1989) predicts that the volume response time for a typical glacier with a mean thickness of 100-500 m is on the order of 100 years. Scaling analysis (Bahr and Radić, 2012) implies that glaciers thinner than 500 m contain a majority of the Earth's total glacier volume (see Appendix C), suggesting that a large fraction of committed glacier volume losses will occur within a century. However, larger GIC with longer response times will continue to lose mass and raise sea level after 2100. This analysis has focused on global ice losses and sealevel rise, but glacier retreat and thinning will also have regional impacts associated with changes in seasonal runoff (Immerzeel et al., 2010; Kaser et al., 2010) and glacier hazards (Kääb et al., 2005) . In some regions, fractional area and volume ice losses will exceed the global average. Assuming that the observed GIC are regionally representative, GIC in central Europe will lose 64 ± 7 % of their volume if future climate resembles the climate of the past decade (which included several record heat waves). We also project substantial volume losses in Scandinavia (56 ± 7 %), western Canada/US (53 ± 7 %) and Iceland (35 ± 11 %). Projections elsewhere are less certain because of the smaller sample sizes.
Conclusions
AARs are declining faster than most glaciers and ice caps (GIC) can respond dynamically. As a result, committed area and volume losses far exceed the losses observed to date. Based on regional upscaling of AAR observations from 2001 to 2010, we conclude that the Earth's glaciers and ice caps will ultimately lose 32 ± 12 % of their area and 38 ± 16 % of their volume if the future climate resembles the climate of the past decade. Committed losses could increase substantially during the next few decades if the climate continues to warm. These relative losses are larger than those estimated by BDM, reflecting the lower AARs in data that have become available since the earlier study. Our projections, however, have large uncertainties (40 % relative error in the projected mass loss) that are dominated by underrepresented high-mass regions, including Arctic Canada, Antarctica, Greenland, and Alaska.
To reduce the uncertainties, more observations are needed in poorly sampled regions. Direct mass-balance and AAR measurements are inherently labor intensive and limited in coverage. AARs can be estimated, however, from aerial and satellite observations of the end-of-summer snowline (e.g., Fig. 9 and Rabatel et al., 2013) . Deriving AAR 0 from observations requires mass-balance measurements for about a decade, but BDM found that the global mean AAR 0 can be used for most GIC with only moderate loss of precision. Huss et al. (2013) recently showed that simple mass balance modeling, combined with terrestrial and airborne/spaceborne AAR observations, can be used to determine glacier mass changes. Also, AAR methods could be extended to tidewater glaciers, incorporating calving as well as surface processes.
Appendix A Means and errors of α, p A , and p V
The first section of Sheet C in the supplementary material (All GIC -alpha, p A , p V ) shows values of α = AAR / AAR 0 for the full data set. For each year i, the annual mean α is found by averaging over N i values:
where α ni denotes the value for glacier n in year i. The variance for each year is computed as
resulting in a standard error of
The annual values and running 10 yr means are shown in Fig. 4 . Arithmetic means for the full data set were computed for four 10 yr windows: 1971-1980, 1981-1990, 1991-2000, and 2001-2010 . For the full data set we computed a mean α of 0.93 ± 0.06, 0.85 ± 0.06, 0.83 ± 0.07, and 0.59 ± 0.05 during the 1970s, 1980s, 1990s, and 2000s, respectively. Let us suppose that for a given glacier n, we have measurements in M n out of 10 yr (1 ≤ M n ≤ 10). In order for each measurement to be weighted equally, glaciers with more measurements receive greater weight than those with fewer measurements. Thus the decadal mean for the data set is computed as 
where f n = M n /10,ᾱ n is given bȳ
and
Equation (A4) is equivalent to the arithmetic mean of all measurements, with each measurement weighted equally. We can think of N f as the equivalent number of glaciers; it is equal to the total number of measurements divided by the number of years. The variance is given by
and the standard error is
The arithmetic mean AAR and its standard error, shown in the second section of Sheet C for 2001-2010 only, are computed analogously. The next sections of Sheet C show the 2001-2010 arithmetic mean values of p A and p V for the full data set. BDM showed that for a given glacier or ice cap, p A = α − 1 and p V = α γ − 1, where α = AAR / AAR 0 and γ is the exponent in the glacier volume-area scaling relationship, V = cA γ (Bahr et al., 1997) . Data and theory suggest γ = 1.25 for ice caps and γ = 1.375 for glaciers. Thus p V depends on γ but not on the poorly constrained constant c, and p A is independent of both c and γ . We compute means of p A and p V first for glaciers, then separately for ice caps. (In the text below, we generally refer to "glaciers", but the same analysis applies to ice caps with the appropriate value of γ .) For a single glacier we havep An =ᾱ n − 1 andp V n =ᾱ γ n − 1, whereᾱ n is the mean value of α for glacier n over the decade. Let us suppose we have at least one α value during the decade for each of N glaciers. To give greater weight to glaciers with more measurements, we compute the decadal meanp A and p V as
The variance associated with p A is
and the variance associated with p V is
The standard errors are
If these data are taken to be globally representative, as assumed by BDM, then we compute that the Earth's glaciers
The Cryosphere, 7, 1565-1577, 2013 www.the-cryosphere.net/7/1565/2013/ must lose 44 ± 6 % of their area and 51 ± 7 % of their volume, and ice caps must lose 32 ± 9 % of their area and 38 ± 10 % of their volume, in order to reach equilibrium with the climate of the past decade. As discussed in the main text, however, the data are likely to be geographically biased.
To assess the data for size biases, we plotted the mean value of α for each glacier against the log of glacier area. As shown in Fig. 5 , the correlation is slightly positive (r 2 = 0.03) but statistically insignificant (p < 0.10). The correlation between α and glacier area is also insignificant. A positive correlation between glacier area and the change in α (relative to the equilibrium value of 1.0) would be expected in the following case: if (1) larger glaciers have greater elevation ranges than smaller glaciers; (2) for a given lifting of the equilibrium line altitude (ELA), the AAR decreases less for glaciers with large elevation ranges than for glaciers with small elevation ranges; and (3) the average lifting of the ELA in a warming climate is independent of glacier size. The lack of a significant correlation between glacier area and α suggests that one or more of these assumptions does not apply to the observed GIC. We checked for area-range bias (i.e., the first assumption) by comparing plots of glacier area vs. elevation range for (1) the observed GIC and (2) more than 100 000 GIC in the World Glacier Inventory (Cogley et al., 2009b) . We did not find evidence of a significant bias.
Sheet E in the supplementary material (High mass regions) is similar to Sheet C except that it includes only the 38 GIC in high-mass regions: Arctic Canada, Antarctica, Alaska, Greenland, the Russian Arctic, central Asia, Svalbard, and the southern Andes. The first three sections show AAR, mass balance, and α, respectively. Decadal mean values of α, p A , and p V as well as the associated standard errors are shown for 2001-2010. These are the "method 2" averages cited in the text. The arithmetic mean and 10 yr running mean are shown in Fig. 4 , and the 40 yr linear trend and two 20 yr linear trends (1971-1990 and 1991-2010) of the mean values are given in Sheet E. We used a t test to determine significance. The 1970 The and 1990 trends are significantly negative at the 1 % level, whereas the 1970-1989 trend is not significantly different from zero at the 10 % level. In the last section of Sheet E, we repeated the annual mean and trend calculations for the 11 GIC in high-mass regions with observations in all four decades to assess the effect on the trends of the changing composition of the data set. The trends are similar to those computed for all 38 GIC.
To estimate future values of the global mean α, we took α global = 0.68 ± 0.12 (the global mean value estimated for 2001-2010, given in Section 3) as a best estimate for 2005. We applied the 40 yr trend (−0.0052 ± 0.0033 yr −1 ) given in Sheet E for the 38 high-mass GIC (method 2). Extending this trend for 35 yr gives a change of −0.18 ± 0.12, resulting in α global = 0.50 ± 0.17 by 2040. (It is possible that the downward trend in α would slow as α reaches 0 for an increasing number of glaciers. With this 35 yr mean trend, however, only three of 96 glaciers with data in 2001-2010 would have α = 0 by 2040, with a negligible effect on the results.) We set p V global = ᾱ global γ − 1, withγ = 1.31 ± 0.05 to reflect an uncertain partitioning of volume between glaciers and ice caps. The error δ P v global = 0.20 was calculated as
Appendix B
Regional calculations
Sheet F (Regional mass balance) shows the average mass balance during the period 2001-2010 for each of 14 regions (Table 1) , the estimated GIC area in the region (Radić et al., 2013) , and the corresponding fraction of the Earth's total GIC area. For the past decade the data set has no observations from the Russian Arctic, which contains an estimated 8 % of global GIC area, or from North Asia, which contains much less than 1 %. For purposes of regional upscaling, we used Svalbard (which is climatically similar) as a surrogate for the Russian Arctic, and we neglected North Asia. Thus the regional area fractions are relative to a global total that omits the small GIC area in North Asia. The global average mass balance is computed as
where w An is the fractional area weight for region n, and b n is the mean mass balance. Sheet F shows the global average mass balance computed for the full decade, for each of two pentads, and for the period 2003 (corresponding to Gardner et al., 2013 . Sheet G (Regional alpha) shows regional mean values of α in 2001-2010 for the same 14 regions (Table 1 in the main text) based on Radić et al. (2013) . Again, Svalbard is used as a surrogate for the Russian Arctic, and North Asia is neglected. Decadal mean α for each glacier and ice cap are shown in Sheet G. Measurements of α are averaged, with each measurement weighted equally, to obtain the regional meansᾱ n . The estimated area and volume losses per region arep An =ᾱ n −1 andp V n = (ᾱ n )γ n −1, whereγ n is estimated as described below. The upscaled global estimates are obtained by summing over regions, with each regional value weighted by the estimated total GIC area in the region (for α and p A ) and total volume (for p V ):
The upscaled values, with errors, are shown in Sheet G. The regional area and volume weights, w An and w V n , are also shown in Sheet G.
The errors for these global estimates are given by
where δp An and δp V n are the regional errors. For each region we have δp An = δα n , where δα n (shown in column V) is estimated by the following method. We subsampled GIC in two well-represented regions, central Europe and western Canada/US. For 2001-2010 we considered n = 15 glaciers with continuous records in central Europe, and n = 14 glaciers with continuous records in western Canada/US. The full samples per region provide reference mean values α for each region. For each region we computed means for all possible subsamples containing 1 to n − 1 glaciers. For a subsample of one glacier, regional α is equal to α from each glacier, and therefore this subsample gives the largest range of possible values. We also calculated the regional mean α for all possible subsamples of two glaciers, three glaciers, and so on. For each subsample size, Fig. 6a shows the maximum range of results (i.e., subsampled regional α minus the reference α ). The range is largest for a subsample of one glacier and slowly decreases as we approach the maximum of 14 glaciers (and would reach zero for the total of 20 in this case). For each subsample size we computed the standard deviation of the α values. Figure 6a shows the 95 % confidence interval (1.96 × standard deviation), which provides an estimate of δα n in poorly sampled regions with small spatial area (Iceland, Svalbard, the northern Andes, the Caucasus, and New Zealand). For regions containing more than 10 glaciers with observed AAR (central Europe, Scandinavia and western Canada/US) we assigned an error based on a subsample size of 12. (A number > 10 was chosen arbitrarily, but the error does not decline significantly for sample sizes >10; any number from 11 to 14 would give a similar error estimate.) Based on the data from central Europe, which has a wider spread of differences than western Canada/US, the errors (values of n shown in parentheses) are as follows: Iceland (10), δα = 0.09; Svalbard (6), δα = 0.15; the northern Andes (4), δα = 0.21; Caucasus (2), δα = 0.32; New Zealand (1), δα = 0.47; and central Europe (19), Scandinavia (18), and western Canada/US (18), δα = 0.06.
For poorly sampled regions covering large spatial area (central Asia, Alaska, Antarctica, Arctic Canada, the southern Andes, and Greenland), we carried out the same analysis but using two combined regions: (1) central Europe and Scandinavia, and (2) western Canada/US and Alaska (Fig. 6b) . Thus, in addition to n = 15 glaciers from central Europe we included n = 5 glaciers from Scandinavia, and in addition to n = 14 glaciers from western Canada/US we included n = 2 glaciers from Alaska. For each of these two extended regions we carried out a correlation analysis.
Although there are a few correlations of ∼ 0.5 for glaciers > 1500 km apart, most time series of α are not significantly correlated when the distance between glaciers exceeds ∼ 300 km (Fig. A1) . Therefore, the glacier sampling in the combined regions is representative for poorly sampled regions covering large spatial areas whose glaciers experience different climatic regimes within the region. Based on the data from central Europe and Scandinavia (which has a wider spread of differences than western Canada/US and Alaska), the errors at 95 % confidence interval (values of n shown in parentheses) are as follows: central Asia (7), δα = 0.16; Alaska and Antarctica (3), δα = 0.28; Arctic Canada (2), δα = 0.35; and Greenland and the southern Andes (1), δα = 0.51.
Since p V is a function of both α and γ , the regional errors δp V n depend on both δα n and δγ n :
whereᾱ andγ are best estimates. Evaluating the derivatives, this becomes
We estimatedγ n and δγ n as follows. Drawing from existing glacier inventories (Cogley, 2009b) , we tabulated the total number of GIC and the number of ice caps in each region.
Regions with relatively few ice caps (less than 1 % of the total number of GIC in the regional inventory) were assumed to have most of their volume contained in glaciers. For these regions we assumedγ = 1.36 ± 0.02, where the error corresponds roughly to the difference between the observed value of 1.36 for valley glaciers and the theoretical value (Bahr et al., 1997) Although the partitioning between glaciers and ice caps is only approximate, our results are not sensitive to the details of this partitioning. The errors δp V n are dominated by the term containing δα n (the first term on the right-hand side of Eq. B6), with much smaller contributions from the term containing δγ n (the second term on the right-hand side of Eq. B6). 
The

Glacier volume response times
The volume response time for a glacier, defined as the timescale for exponential adjustment to a new steady-state volume following a mass-balance perturbation, can be estimated as τ V ∼ H / |b T |, where H is a thickness scale (e.g., mean glacier thickness) and b T is the mass balance at the terminus (Jóhannesson et al., 1989) . For typical glaciers with thicknesses of 100 to 500 m and terminus melt rates of 1 to 5 m yr −1 , the response time is on the order of 100 yr. The mean terminus melt rate for our data set is ∼ 3 m yr −1 , as shown in Sheet I (Terminus mass balance). Bahr and Radić (2012) showed that the fraction of total volume contained in glaciers of area less than A min is given to a good approximation by
where A max is the area of the largest glaciers; γ = 1.375 is the exponent in the volume-area scaling relationship V ∝ A γ ; and β = 2.1 is the exponent in the power law N (A) ∝ A −β , which predicts the number of glaciers N of size A. Volume-area scaling implies h ∝ A γ −1 , where h is the mean ice thickness. Therefore,
The largest glaciers and ice caps have a thickness of about 1000 m. Setting h min = 500 m and h max = 1000 m in Eq. (A24), we obtain = 0.60, implying that approximately 60 % of total glacier volume resides in glaciers thinner than 500 m. This analysis suggests that glaciers with response times on the order of a century or less contain a majority of the Earth's total glacier volume.
Appendix D
Contributing investigators
The principal investigators for the glaciers and ice caps in the WGMS database are listed in WGMS (2012) and earlier bulletins. We have supplemented the WGMS database with data compiled by Mark Dyurgerov (Dyurgerov et al., 2005; Bahr et al., 2009 ). In addition, we thank the following investigators for providing us with data not previously in the WGMS database:
- 
